One contribution of 24 to a discussion meeting issue 'The challenges of hydrogen and metals'.
Introduction
Hydrogen interactions with metals and related degradation effects are a major concern in various domains of the nuclear industry where a large number of structural and functional metals and alloys are affected.
Among the numerous challenges to be faced in the nuclear industry one can mention the prediction, prevention or monitoring of -H-induced delayed cracking of various high strength steels components and H-induced disbonding of stainless weld overlays [1] , -the role of H in the stress corrosion cracking of face-centred cubic (FCC) iron and nickel base alloys exposed to liquid environments for heat transfer and exchange [2] , -the effect of hydride precipitates on the corrosion rate of Zr alloys used as fuel claddings [3] -the role of H on the integrity of containers for long term storage of nuclear waste (tritium release from waste, H-induced cracking of containers) [4] , -H-induced degradation of plasma facing materials for nuclear fusion and the consequences on tritium confinement and inventory [5, 6] , -H behaviour in materials exposed to neutron irradiation (in situ H production by transmutation and H interaction with He and other irradiation-induced defects, role on irradiation-assisted stress corrosion cracking) [7, 8] , -tritium hazards associated with the dismantling of nuclear power plants [9] . These detrimental effects of H or its isotopes are known for a long time to be strongly related to H transport and trapping in the materials microstructure. However, the prediction and prevention of H-induced damage requires a detailed knowledge of the boundaries conditions and mechanisms controlling H absorption, motion and segregation in the materials and further the local enhancement of H concentration responsible for H-induced cracking.
In fact, according to their dependence on the nature of the metallic material and on the experimental conditions, the so-called H-induced cracking or H embrittlement (HE) phenomena cover a wide range of multiform detrimental effects. Some of the associated crack initiation mechanisms have been identified thanks to the numerous studies conducted during the past decades. They mainly concern H-induced cracking involving equilibrium conditions and occurring mainly under static conditions (load, deformation, temperature, H activity, etc.). However, more complex situations are often encountered in practice were the material may locally experience dynamic transient solicitations (plastic deformation, changes in temperature, microstructure and/or H activity) which may involve non-stationary boundary conditions, H interaction with moving defects and H transient concentrations.
Such dynamic solicitations are often encountered in the nuclear industry (H implantation in plasma facing materials, irradiation-induced defects and transmutation-induced changes in internal H concentration, local changes in external H activity associated with depassivation/ repassivation mechanisms). In these conditions, the prediction and prevention of H-induced damage would require, besides modelling works, direct in situ experimental characterizations of H behaviour in the material. However, such characterizations need to account for the wellknown experimental difficulties encountered for H local analysis (high H mobility, low H amount involved and strong H background in most of the analysis techniques). In this respect, investigations conducted on hydrogen isotopes (deuterium and tritium) can be very useful for efficient isotopic tracing of hydrogen according to their specific properties: low natural abundance, favourable cross sections for nuclear reaction analysis, radiation available for β counting and imaging ( 3 H), large diffusion length for neutron scattering ( 2 H).
On the other hand, deuterium and tritium interactions with metals are a major concern in both the nuclear fission and fusion communities as these isotopes are involved in most of the 'aggressive' environments encountered in present and future nuclear facilities. As a consequence, assuming a correct evaluation of isotopic effects, investigations conducted in these communities with the hydrogen isotopes may provide interesting additional information on the mechanisms involved in H-assisted cracking of metals.
The main purpose of the present paper is to give some illustrations of the interest of isotopic tracing of hydrogen with deuterium or tritium for the characterization of H transport and trapping in some nuclear materials and of the related embrittlement effects.
Hydrogen absorption in nuclear materials (a) Hydrogen retention in plasma facing materials
Plasmas have been shown to act as efficient sources of hydrogen leading to H implantation/ absorption in the plasma facing materials [10] . As a consequence, extensive theoretical and experimental studies have been devoted to the modelling of hydrogen absorption/permeation in 
isotopic exchange or recombination permeation plasma first wall coolant Figure 1 . Processes involved in the hydrogen retention and recycling in fusion reactor plasma facing materials [10] .
various metallic membranes implanted with H isotopes in plasma-like conditions [11] [12] [13] [14] . These studies are motivated in the first place by the need for a precise inventory of deuterium and tritium involved in the operation of a fusion device. The modelling is based on the balance analysis of the H flows associated with three concurrent processes: H implantation, H diffusion from the implant zone and H desorption from the upstream and downstream faces of the membrane (figure 1). In most cases, the H desorption flow (J H 2 ) on both faces has been shown to be controlled by the rate of molecular recombination of H on the metal surface according to the following relationship:
where K r is the molecular recombination rate constant and C s the bulk concentration of mobile hydrogen in the near surface. Consequently, any quantitative analysis of the tritium retention required detailed studies of the molecular recombination rate constant (K r ) on various metals and alloys [11] [12] [13] 15, 16] .
Collected values of K r reported in figure 2 show that both the value and the temperature dependence of K r is strongly dependent on the nature of the metallic substrate. According to this figure, and in spite of large dispersions frequently observed in the experimental or computed K r values [12] (figure 3), some materials exhibit low K r values, even at fairly high temperatures, suggesting that, in some cases, the recombination process may control H desorption. The control is effective if the diffusion assisted flow towards the surface is larger than the recombinationassisted desorption flow [17] . It is important to point out that thermodesorption spectra obtained under such conditions on hydrogenated samples would be no more representative of a bulk diffusion process eventually controlled by trapping/detrapping phenomena on microstructural defects. Consequently, the validity of H trapping/detrapping characteristics obtained, in such conditions, from thermal desorption spectroscopy (TDS) analysis, is questionable. Moreover, besides diffusion barrier effects associated with oxide films, a dependence of K r on the 'cleanliness' of the metal surface (roughness, adsorbed impurities and oxide films) has been observed leading to a strong drop of K r values with decreasing the cleanliness [18] .
According to these results, the assumption of a diffusion controlled desorption, usually used for the interpretation of thermodesorption spectra, need to be carefully validated for materials exhibiting low K r values (Ti, Ta, Zr, FCC stainless steels, etc.) or when surface changes (surface segregation of impurities or alloying elements, oxidation) may occur before or during the desorption experiment.
Also, the steady-state H concentration profile in an implanted membrane was shown to strongly depend on the respective kinetics of H diffusion in the bulk and recombination on the surface [11, 17] affecting thus H distribution and retention in the material. This effect, also occurring in non-stationary conditions, is expected to have important implications on the retained H concentration in the material and as a consequence on H-induced cracking. Indeed, H-induced blistering frequently observed on plasma facing materials [19] is associated with the built-up of high local H activity leading to bubbles nucleation and coalescence and/or local deformation and decohesion [7] . The strong temperature dependence of blistering can be explained by the role of temperature on the respective rates of H diffusion and desorption from which depends H local concentration in the near surface. These results are useful for the selection of plasma facing materials in order to optimize the tritium inventory and reduce the blistering. . Experimental measurements of the recombination rate constant (K r ) for stainless steels as a function of inverse temperature [12] .
Most of this formalism developed for the characterization of H absorption/retention in plasma facing materials is expected to be valid and transferable to H permeation in materials exposed to the cathodic discharge of hydrogen occurring during a corrosion process. In particular, precise explanations of the blistering mechanism associated with a cathodic discharge occurring in the presence of the so-called 'recombination poisons' (such as H 2 S) may certainly benefit from the important amount of theoretical and experimental works conducted on plasma facing materials and from the use of H isotopes for a better characterization of the role of recombination poisons on the different steps associated with H cathodic discharge on a metal surface.
(b) Hydrogen absorption in nickel base alloys in pressurized water reactor conditions
The prediction and prevention of the intergranular stress corrosion cracking (IGSCC) of nickel base alloys in the primary media of pressurized water reactors (PWRs) is a major concern for the safe operation of these reactors. However, in spite of numerous studies conducted on this subject during the last decades, the mechanism responsible for IGSCC of alloy 600 in PWR environment is still discussed [20] . Until very recently, a possible role of hydrogen in IGSCC occurring in primary water at 300-350°C was discarded as this temperature range was considered to be too high to provide hydrogen embrittlement effects. Indeed, according to current values proposed for H-defects binding energies (about 0. have to be considered, significant H-defects interactions are not expected at these temperatures unless H activity in the lattice is high. But the H activity was usually considered to be low assuming that it is controlled by the imposed amount of hydrogen dissolved in the primary water (35 cm 3 kg −1 at 320°C) corresponding to a fairly low hydrogen fugacity at the water/metal interface (about 0.3 atm).
(i) Identification of the hydrogen source in primary water
In fact, two main hydrogen sources are available for metals exposed to primary water. Besides H 2 dissolved in the water, as previously mentioned, the water dissociation associated with oxidation reactions on the metal surface may be another source of hydrogen. Moreover thermodynamic considerations on the stability of oxide films grown on alloy 600 in these conditions suggest that the associated hydrogen fugacity could be very high. In order to identify the most effective H source, isotopic tracing of hydrogen was conducted with deuterium for alloy 600 exposed to primary water [21] . For this purpose, some samples of alloy 600 where exposed, in the same conditions, to primary water elaborated with either heavy water (98% D 2 O) pressurized with H 2 or natural water with a D 2 overpressure. After rapid cooling of the samples, secondary ion mass spectrometry (SIMS) profiling of 2 D and 16 O was conducted in order to compare the resulting deuterium concentration profiles together with the oxide films grown on the surface during exposure. According to the profiles reported in figure 4 , the effective H source can be identified: almost no deuterium absorption is recorded for the H 2 O/D 2 environment (in figure 4a the normalized 2 D signal is magnified by 100), whereas the intensity of the deuterium signal recorded in D 2 O/H 2 (figure 4b) is much larger (more than 100 times) and the corresponding profile is representative of a diffusion controlled absorption. Consequently, water dissociation associated with the oxidation appears clearly as the main H source. The strong correlation between H absorption and the oxidation process is confirmed ( figure 5 ) by nano-SIMS imaging of deuterium and oxygen distribution in samples exposed, in PWR conditions, to primary water labelled with 2 D and 18 O [22] .
(ii) Evaluation of the hydrogen fugacity associated with depassivation/repassivation processes in primary water
The aforementioned results suggest that a large fugacity may be associated with the first passivation step of the bare surface of the alloy. Figure 5 . Nano-SIMS imaging of deuterium absorption associated with the oxidation of alloy 600 in PWR primary water [22] . fugacity is a major concern for the evaluation of the role of H in IGSCC as, during a local depassivation/repassivation (i.e. at a crack tip), a large (transient) fugacity may favour H absorption and its interaction with microstructural defects.
In situ permeation studies have been conducted in order to determine H fugacity in PWR conditions. But, according to the large repassivation rate (fast drop of the oxidation current and eventual barrier effect of the growing oxide film on H permeation) the use of the experimental permeation flow for the determination of the H fugacity is not straightforward. However, recent permeation tests were conducted in primary water in order to exploit the transient part of the decreasing permeation flow associated with the passivation of the membrane exposed to PWR conditions [23] . Even if additional experimental work is required for a precise determination of the H fugacity these tests provide a lower limit of the fugacity of about 15 atm almost 2 orders of magnitude larger than the initially expected value. As the effective value on a bare surface is expected to be much higher, the role of hydrogen in IGSCC of alloy 600 in PWR conditions needs to be carefully considered (see §3b).
(iii) Quantitative analysis of H interactions with microstructural defects in alloy 600
H interactions with microstructural defects are known to control H absorption in the material exposed to a hydrogen source through the so-called trapping or accelerated transport effects. As a consequence, for any prediction of the H behaviour in the material one should know, besides H activity imposed by the hydrogen source and the nature and density of the trapping sites, several other parameters required for the simulation of H diffusion and trapping. These are the diffusion, trapping and detrapping rate constants (pre-exponential factors and activation energies) which are specific of the material and of each type of trap present in the microstructure.
Thermal desorption mass spectroscopy (TDmS) conducted on deuterated samples (to avoid artefacts associated with the hydrogen background) and coupled with numerical simulation has been shown to be a powerful tool for the determination of these trapping/detrapping parameters. However according to the numerous parameters to be determined and to additional difficulties due to possible interactions between different trapping sites, the use of model materials for accurate determination of the trapping parameters is strongly recommended [24, 25] . Moreover, according to the K r value (cf. §2a) and as illustrated in figure 6 , in order to avoid misinterpretation of TDS spectra one has to check carefully the validity of the explicit and implicit assumptions on the boundaries conditions included in the model and to use a rigorous numerical simulation method [26] .
SIMS profiling of deuterium as a function of successive isothermal heat treatments, coupled with TEM observations of the microstructure evolution, is another way to get some insight on H interactions with defects in metals. Such experiments have been conducted on alloy 690 first implanted with Ni + ions, then deuterated at room temperature, in order to study H interactions [26] . Note that the occurrence of a second peak on some spectra has nothing to do with trapping effects [26] . . SIMS profiling of deuterium in Ni + implanted alloy 600 after 2 D charging at room temperature and annealing at different temperatures but constant diffusion length [27] .
with irradiation-induced defects [27] . According to figure 7, a significant H trapping occurs up to 200°C in the implanted zone. Also detailed TEM observations were conducted in order to characterize possible microstructural changes in the implanted zone and associated with the combined effects of temperature and hydrogen. The effect of an ageing at room temperature, reported in figure 8, shows that a significant H-induced growth of faulted loops and cavities already occurs at this temperature. This is an illustration of the enhancement of the mobility of dislocations and point defects in the presence of hydrogen. ) and cavities (c) in Ni + implanted alloy 600 after deuteration and one month ageing at room temperature [27] . (a) Without deuteration, (b) after deuteration and (c) cavity size evolution. [27] suggesting that H-defects interactions can be operative in the working temperature range of PWR.
On the other hand, the matrix signal ( 58 Ni), recorded during SIMS analysis to characterize the abrasion rate, is larger in the presence of deuterium in the implanted zone [27] . As the abrasion yield directly depends on the bonding energy of metal atoms in the matrix, its enhancement in the deuterated zone is a direct indication of the detrimental role of H on the cohesion of the metallic structure. This interesting result has to be related with the observed enhancement of heliuminduced blistering of plasma facing materials in the presence of H [28] . It also justifies taking advantage of SIMS for in depth studies of this H-induced decohesion mechanism.
Hydrogen interaction with moving defects
H trapping on point defects and linear defects has been investigated for decades under static conditions. Then, the direct implication of these defects in the mechanisms of plastic deformation and fracture motivated theoretical and experimental studies of the role of H on the mobility of such defects. In spite of the growing interest on the effect of H on the stability and mobility of point defects and on the consequences on most of the environmental degradation mechanisms (oxidation, SCC and HE), we will focus here on H-dislocation interactions.
Since the pioneering work of Birnbaum & Sofronis [29] , a large amount of work has been devoted to the role of hydrogen on dislocation motion and the contribution of the socalled hydrogen-enhanced localized plasticity (HELP) mechanism to H embrittlement. The H enhancement of dislocation motion involved in the HELP mechanism implies a driving force Figure 9 . Strain-assisted desorption of tritium in stage I of plastic deformation of a 100 oriented Ni base superalloy single crystal [39] . Correlation between the cumulated amount of desorbed tritium (a) and the tensile curve (b).
for the dislocation to drag hydrogen. However, even if H transport by dislocations has been considered more than 60 years ago as an operative mechanism in the HE of body-centered cubic (BCC) steels [30] , much less attention has been paid in the literature to the contribution of this mechanism to HE. Only very recently this mechanism of H transport by dislocations has been reviewed to account for some inconsistencies of the HELP mechanism to explain some H-induced fracture mode [31] .
(a) Hydrogen transport by dislocations
Experimental evidences of H dragging by dislocations and of the associated 'long range' accelerated transport of H have been brought for a long time [32] [33] [34] [35] [36] [37] . They mainly concern the behaviour of tritium in nuclear materials; this is a direct consequence of the small amount of hydrogen involved in this transport phenomenon requiring very sensitive techniques to be measured. Most of these techniques use tritium as a tracer and the related β counting and imaging techniques. Whereas tritium autoradiography can be used for a mapping of the strain-assisted redistribution of H in materials [37] , quantitative data on H transport by dislocations can be derived from the determination, by β counting, of the amount of tritium involved in strainassisted desorption of model materials [38] [39] [40] [41] . In particular, strain-assisted desorption tests conducted in stage I of the plastic deformation of single crystals (figure 9) allow to determine the effective number of trapping site (per unit length) associated with a dislocation. This value, required for a realistic modelling of the 'carrying capacity' of a moving dislocation, is expected to depend on the experimental conditions (H activity in the lattice, temperature, strain rate, etc.). Also, in some conditions, the tritium 'burst' liberated at the fracture of a tritiated sample may be used for a direct evaluation of the critical local H concentration required for the crack initiation. Permeation test conducted under dynamic straining is another way to get some insight on the concurrent transient effects of dynamic trapping and dislocation transport [42] [43] [44] [45] . However, in such experiments, isotopic tracing with tritium may be beneficial for the interpretation of the observed evolution of the permeation flow which requires to take into account changes in the trapping rate, the transport rate and the boundaries conditions on the entry and exit face of the permeation membrane.
(b) Role of hydrogen transport by dislocations on H embrittlement
The dependence on temperature and strain rate of the HE susceptibility of BCC and FCC steels has been considered for a long time to support a role of dislocation transport in H embrittlement [30, 32, 34, 37] .
Detailed studies of H-induced intergranular cracking of alloy 600 allowed correlating the extent of intergranular cracking and its dependence on temperature and strain rate with the estimated carrying capacity of moving dislocations [46] . H-induced decohesion of GBs was attributed to the built-up of a transient concentration in the GBs vicinity due to dislocation transport and pile-up or absorption in GBs. Moreover, additional tests (figure 10) were used to favour a drop in the local transient concentration (interrupted tensile tests) or a drop in H activity in the lattice (pre-deformation) [47] . Interrupted tensile tests demonstrated the transient character of the embrittlement due to rapid relaxation of the local H concentration when dynamic straining is stopped ( figure 10a ). On the other hand, according to the results of figure 10b, it is anticipated that, in such a closed system, an increase in the forest dislocation density after a pre-deformation will reduce the carrying capacity of moving dislocations by reducing both H activity in the lattice (trapping effect) and the mean free path of the moving dislocations.
However, in depth experimental studies of these effects are necessary. They would require isotopic tracing of H transport conducted on model materials in order to test the role of screw and edge dislocations with respect to their mobility [48] [49] [50] and their ability to interact with GBs of different misorientation [51] . Indeed, the H-induced intergranular cracking susceptibility of FCC Fe and Ni base alloys has been shown for a long time to increase with the GB misorientation, motivating recent 'grain boundary engineering' focused on the prevention of this phenomenon [52] . 
(c) Isotopic effect on H transport and trapping
According to recent theoretical studies [53] , significant anomalous isotopic effects may affect, at low temperature and up to 350 K, the diffusion and trapping of H isotopes in iron. On the other hand, according to numerous permeation studies conducted with the different H isotopes in various materials [54] , and considering the usual data dispersion encountered for a selected permeation procedure, no anomalous isotopic effect has been reported for the stationary permeation flow collected at room temperature and above. Also, both diffusion data obtained from deuterium or tritium profiling with different techniques (SIMS, NRA nuclear reaction analysis, β counting) and diffusion and trapping characteristics obtained by TDmS with deuterated samples, are in good agreement with values reported for hydrogen.
However, at this time, no detailed experimental studies have been conducted to validate these theoretical works on quantum effects. Isotopic tracing with deuterium and tritium may be a very useful tool for this purpose and especially to investigate a possible role of quantum effects on the strong enhancement of the rate of H transport in presence of moving dislocations.
Concluding remarks
The transport and trapping of hydrogen isotopes is a major concern in the nuclear industry; it motivates numerous studies of the interaction of deuterium and tritium with various nuclear materials. On the other hand, using these two isotopes for experimental studies provide significant improvements to the characterization of H behaviour in metallic materials. This is the consequence of a strong enhancement of the capabilities of isotopic tracing techniques for sensitive and local quantitative analysis. Then, isotopic tracing is expected to be particularly useful for the study of the hydrogen embrittlement mechanisms of endothermic materials such as structural materials involving the characterization of the motion and local distribution of small amounts of hydrogen.
Isotopic tracing of hydrogen has been shown to be successful for the determination of the boundaries conditions for hydrogen desorption or absorption in a material exposed to a hydrogen source. Also, the unique capabilities of isotopic tracing and related techniques to characterize H interactions with point defects and dislocations acting as moving traps has been demonstrated. Such transport mechanisms are considered to play a major role in some stress corrosion cracking and hydrogen embrittlement mechanisms.
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